ABSTRACT: The parameters of a micro-computed tomography (mCT) scan, including whether a bone is imaged in vivo or ex vivo, determine the quality of the resulting image. In turn, this impacts the accuracy of the trabecular and cortical outcomes. The absolute impact of mCT scanning at different voxel sizes and whether the sample is imaged in vivo or ex vivo on the morphological outcomes of the proximal tibia in the rat is unknown. The right proximal tibia of 6-month-old Sham-control and ovariectomized (OVX) rats (n ¼ 8/group) was scanned using mCT (SkyScan 1176, Bruker, Kontich, Belgium) using three sets of parameters (9 mm ex vivo, 18 mm ex vivo, 18 mm in vivo) to compare the trabecular and cortical outcomes. Regardless of scan protocols, differences between Sham and OVX groups were observed as expected. At a voxel size of 18 mm, scanning in vivo or ex vivo had no effect on any of the outcomes measured. However, compared to a 9 mm voxel size scan, imaging at 18 mm resulted in significant underestimation of the connectivity density (p < 0.05) of the trabecular bone and a significant overestimation (p < 0.05) of the trabecular indices (trabecular thickness, degree of anisotropy) and of the cortical indices (cortical bone area, cortical area fraction, cortical thickness) in both Sham and OVX rats. These results suggest the benefit to scanning the proximal tibia of rats at a voxel size as low as 9 mm, although considerations must be made for the increased acquisition time, anesthesia, animal welfare, and radiation exposure associated with lower voxel size in vivo scanning. The use of 3D micro-computed tomography (mCT) has become the gold standard for the quantitative assessment of bone microarchitecture.
The use of 3D micro-computed tomography (mCT) has become the gold standard for the quantitative assessment of bone microarchitecture. 1 In vivo scanning allows for the repeated imaging and analysis of the same animal over time in a longitudinal study. We have previously shown that repeated exposure of the rat hind limb to monthly radiation doses of 600 mGy does not cause differences in bone morphology, suggesting the resilience of the proximal tibia to repeated in vivo mCT scanning. 2 Isolated bones however, can be stored and scanned ex vivo without consideration of scan duration, subsequent data file size, ionizing radiation, animal welfare, or artifacts caused by movement.
In vivo imaging of the tibia involves scanning of the whole hind limb, including fur, skin, and soft tissue surrounding the bone, which may affect the image quality and subsequent outcomes. A greater volume of water surrounding an aluminum tube, used to represent bone, resulted in a reduction of beam hardening artifacts due to peripheral filtration of the X-rays away from the bone. 3 By changing the scanning scenario from one material (aluminum) to two materials (aluminum surrounded by water), the need for beam hardening correction was reduced or eliminated. 3, 4 Also, different thickness of surrounding medium can change the reconstructed attenuation so that the same bone in different parts of an animal can be assigned different density values, artificially. In general, the surrounding medium complicates the task of correcting beam hardening artifacts, which is necessary for the accurate quantification of bone densitometry and morphology. Furthermore, extra noise is added to reconstructed mCT images by surrounding media.
In mice, scanning of the tibia ex vivo with a 5 mm voxel size resulted in significant differences in some trabecular and cortical outcomes compared to in vivo scanning with a 9 mm voxel size. 5 The authors attribute these differences to the image quality and scanning resolution, but the effect of in vivo and ex vivo scanning cannot be discounted. One study of female Wistar rats found all trabecular morphological outcomes of the tibia, as measured by mCT at a 26 mm voxel size, were correlated between in vivo and ex vivo scanning protocols, 6 but no study has directly compared these scan protocols at a smaller voxel size and in an ovariectomized rat model, where a significant loss of trabecular bone volume and structure has occurred.
A 5 mm voxel size is sufficient for the visualization and quantification of trabecular bone of the tibia of mice with only a minor benefit at higher resolutions. 7 Trabeculae from ovary-intact rats are considerably thicker than mouse trabeculae, and scanning rat trabeculae at a 10-20 mm voxel size is generally considered to be sufficient for imaging ex vivo, 7 although, no studies have directly compared the trabecular and cortical outcomes of the rat tibia scanned both in vivo and ex vivo at voxel sizes within this range. The ovariectomy (OVX) of 12-week Sprague-Dawley rats causes an immediate and drastic deterioration in the morphology of the proximal tibia, including decreased trabecular bone volume, trabecular thickness, trabecular number, and increased trabecular spacing compared to their Sham-counterparts after only 7 days post-surgery. 2 While the changes to bone as a result of OVX are drastic, it is important to determine whether these changes have an impact on the scan settings necessary for the accurate measurement and image quality. For this reason, both Shamand OVX-operated rats were used to compare the right proximal tibia of rats scanned at voxel sizes of 9 mm ex vivo, 18 mm ex vivo, and 18 mm in vivo. The purpose of this study was to: (i) determine the effect of scanning the tibia of the rat in vivo compared to ex vivo; (ii) further understand the implication of voxel size (9 vs. 18 mm) on the ex vivo scanning of the rat proximal tibia; and (iii) to establish if the well characterized differences between Sham and OVX groups can be similarly detected with each scan protocol. Findings from this study, will guide the experimental design and determination of mCT scan parameters of future pre-clinical studies using the OVX rat model of postmenopausal osteoporosis.
MATERIALS AND METHODS

Animals and Diet
As part of a larger study, 21-day-old female SpragueDawley rats were obtained from Charles River, Canada and allowed to acclimatize for 7 days before being entered into the study. Rats were doubly housed in a controlled environment (12 h light and 12 h dark cycle; 20˚C). At 12 weeks of age, rats were randomized to receive Shamcontrol (n ¼ 8) or OVX (n ¼ 8) surgery. Throughout the study, all rats were given ad libitum access to a modified AIN-93G (TD.140815) with 18% kcal from protein, 57% kcal from carbohydrate, and 25% kcal from fat. The modified diet included 1268 IU vitamin D/kg and 0.5% calcium. Food intake was measured twice per week and body weight was measured weekly. This study was approved by the Animal Care Committee of Brock University and conducted in accordance with the Canadian Council on Animal Care.
Experimental Protocol
At 6 months of age, the right proximal tibia was scanned in vivo by mCT (SkyScan 1176, Kontich, Belgium). Rats were anesthetized with isoflurane at a constant flow rate of 1-2%, positioned on the scan bed with the right leg extended into the scanning field of view, and held secure for the duration of the in vivo scan (scan time: 12 min; total time anaesthetized: 25 min) (Fig. 1) . Within 1-week following the 6-month in vivo scan, rats were sacrificed and the right tibia was excised, cleaned of soft tissue, wrapped in saline soaked gauze, and stored at À80˚C until subsequent scanning. Success of OVX was confirmed at necropsy by determination of wet weights of uterine horns compared to Sham rats. For ex vivo scanning of the right proximal tibia, bones were hydrated in phosphate buffered saline (Sigma, St. Louis, MO) at room temperature for 2 h and subsequently wrapped in parafilm wax. Parafilmwrapped tibias were held secure in foam in a plastic tube secured to the scan bed to limit any movement. The scanning conditions and media used during ex vivo scanning were the same as those used for in vivo mCT scanning.
Micro-Computed Tomography
The right proximal tibia of 6-month-old rats was scanned using three different scanning and reconstruction protocols, to obtain high-quality images of the trabecular and cortical bone ( Table 1 ). All scans were performed using mCT (SkyScan 1176, Bruker-microCT, Kontich, Belgium). In vivo scanning parameters were set to be identical to those used previously in our lab for the attainment of high-quality images and a resulting radiation dose of 600 mGy. 2 This radiation dose does not cause changes to the trabecular and cortical bone of the rat proximal tibia. 2 All of the resulting images were reconstructed using NRecon software (v.1.6.9.10, Bruker-microCT, Kontich, Belgium). For all reconstructed images, the region of interest (ROI) began 1.76 mm distal from the point at which the growth cartilage begins to transition into the proximal tibia metaphysis and extended 3.52 mm distally (Figs. 2 and 3) . The distinction between trabecular and cortical bone within the ROI was defined and separated by automatic processes used previously 2 and analyzed separately (CT Analyzer, v. 1.14.4.1þ (64-bit), SkyScan, Bruker-micro-CT, Kontich, Belgium). In brief, bone tissue was identified by a global thresholding procedure followed by a series of morphological operations to separate the trabecular processes from the cortical shell. Once segmented, trabecular and cortical bone were defined as distinct ROIs. Trabecular and cortical bone were binarized using an adaptive and global thresholding procedure, respectively. The resulting ROIs were subsequently analyzed. The trabecular morphometric indices: Percent bone volume (BV/ TV), trabecular thickness (Tb. Th.), trabecular number (Tb. N.), trabecular separation (Tb. Sp.), connectivity density (Conn. D), and degree of anisotropy (DA) were analyzed within the defined ROI. The cortical morphometric indices: Cross-sectional area inside the periosteal envelope (Tt. Ar.), cortical bone area (Ct. Ar.), cortical area fraction (Ct. Ar./Tt. Ar.), cortical thickness (Ct. Th.), periosteum perimeter (Ps. Pm.), endocortical perimeter (Ec. Pm.), medullary area (Ma. Ar.), and eccentricity (Ecc) were analyzed within the defined ROI. Figure 1 . Representative image of anaesthetized rat during in vivo scan protocol. The right leg was fully extended away from the body and immobilized in foam in a plastic tube secured to the scan bed to limit any movement. The rat torso was covered for body heat retention and a camera was set up to monitor breathing rate for the duration of the scan.
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Statistical Analysis
All data are presented as mean AE SD. The statistical analyses were performed using SPSS Statistics (v. 22, IBM). A twotailed independent t-test was used to determine differences in final body weights, final food intake, wet uterine weights, and morphological outcomes between Sham and OVX rats. The effect of scanning protocols (9 mm ex vivo, 18 mm ex vivo, 18 mm in vivo) for all trabecular and cortical morphological outcomes was assessed using a one-way ANOVA. A Bonferroni post-hoc test was used to compare differences between groups. A Pearson's correlation was used to assess correlations between the morphological outcomes calculated by 9 mm ex vivo (independent variable), and 18 mm ex vivo and 18 mm in vivo (dependent variables) scanning protocols. It is well established that OVX has a drastic and deleterious effect to bone morphology at the proximal tibia, causing significant decreases in BV/TV, and changes to trabecular and cortical morphology. 2, [8] [9] [10] [11] [12] For this reason, bone outcomes for Sham and OVX rats were further analyzed separately, so that the effect or interaction of hormone status would not overshadow any subtle effects of scanning parameters. The level of significance was set at p < 0.05 for all statistical analyses.
A power analysis of each scanning protocol was performed retrospectively to determine the number of animals needed to identify differences in the primary morphological outcomes between Sham and OVX groups. Power was set at 0.80 and type I error rate was set to 0.05 for all power analyses. Adaptive, 76
RESULTS
Final body weights did not differ between
Adaptive, 76
All mCT scans were obtained using the SkyScan 1176 model, Bruker-microCT. R values for the correlations between 9 and 18 mm in vivo, and 18 mm ex vivo scan settings are reported in Table 4 . Strong correlations were observed for most trabecular and cortical outcomes when Sham and OVX groups were analyzed together and many of these correlations were maintained when Sham and OVX groups were analyzed separately. Values for Tb. Th., DA, and Ct. Ar. when scanned at 18 mm (in vivo or ex vivo) were not correlated with scans of 9 mm.
Significant differences between Sham and OVX groups were observed for the outcomes BV/TV, Tb. N., Tb. Sp., Conn. D, Ct. Ar., Ct. Ar./Tt. Ar., Cs. Th., and Ec. Pm. when measured using all scanning protocols (Table 5 ). Scanning the proximal tibia at 18 mm voxel (Table 6 ).
DISCUSSION
The purpose of this study was to better understand the implications of in vivo and ex vivo scanning as well as the effect of scan settings, including altered voxel size and rotation step, on trabecular and cortical outcomes in a pre-clinical model of postmenopausal osteoporosis. No differences were observed between in vivo and ex vivo scans of the proximal tibia at 18 mm for any of the trabecular or cortical outcomes measured in Sham or OVX rats. This finding suggests that, despite the potential compromises to mCT image quality imposed by in vivo scanning, the quality of the resulting bone morphometric data is essentially equivalent to that of scans performed ex vivo at the same voxel size. The reasoning for the lack of observed differences may be due to the immeasurable effect of the tissue surrounding the bone in vivo. Ultimately, mCT scanning at the proximal tibia whether performed in vivo or free of all surrounding soft tissue does not result in changes to the trabecular or cortical outcomes assessed. In fact, a retrospective power analysis performed for each scan protocol revealed that when performing scans in vivo a smaller sample size is necessary to identify differences in trabecular outcomes between Sham and OVX groups compared to ex vivo techniques. Absolute resolution, the ability of a measure to quantify a theoretically perfect value, declines with increasing voxel size. 13, 14 But, relative resolution, which is the ability of a scan to detect a difference between group A and B (i.e., Sham and OVX) can be unaffected with large increases in voxel size. 15 Therefore, rather than the voxel size being the cause of the increase in effect size observed between Sham and OVX groups, there may be some unknown advantages of in vivo imaging. While in vivo scans are presumably subject to more artifacts, it is possible that in vivo imaging provides a reduction in the variability, as can be seen with a smaller standard deviation reported for most trabecular outcomes compared to ex vivo scans in this study. The surrounding tissue may act to hydrolyze the bone, maintain the bones size and shape, or reduce any potential post-mortem demineralization, suggesting a benefit to in vivo scanning of the hind limb in rats. The number of rats necessary to determine differences between Sham and OVX groups for the primary cortical outcomes were not affected by the scan parameter used. The effect sizes between Sham and OVX groups are larger for trabecular outcomes because of the rapid rate of bone loss on the trabecular surfaces compared to cortical. 16 Therefore, when assessing changes to trabecular outcomes, fewer numbers of animals are needed.
In Sham and OVX rats, 18 versus 9 mm voxel size scanning overestimated Tb. Th., Ct. Ar., Ct. Th., and as a result, overestimated DA and Ct. Ar./Tt. Ar., and underestimated Conn. D. To calculate the morphological outcome Tb. Th. using the analysis program, the 3D image is first "skeletonized" to identify the borders of solid trabecular structures and then "sphere-fitted" to determine the average thickness of the largest voxel (3D pixel) that can fit within these borders. Trabecular separation is quantified similarly, but the theory is applied to the space rather than the solid structures within the volume of interest (VOI). Figure 4 shows, a comparison of the distribution of thickness of the trabeculae between scan protocols. Scanning at a lower voxel size causes a left shift in the distribution (more thinner trabeculae), supporting the hypothesis that when scanning at a larger voxel size, thinner trabecular structures are not detected, leading to an artificial increase in the mean measured thickness. Also, with a larger voxel size, the surfaces of the bone tissue are blurred and the segmented surface becomes somewhat enlarged resulting in an overestimation of thickness of the binarized surface. Cortical thickness is quantified in a similar way to trabecular thickness. Therefore scanning protocols with a greater voxel size will have the same overestimation effect as with the quantification of trabecular thickness.
Along with percent bone volume, DA is an important determinant of mechanical strength of the trabecular bone. 17 The DA of trabecular bone describes, the orientation and alignment of the trabecular network within the VOI. The greater the preferential alignment of trabeculae along a principle axis the higher the DA. The alignment of the trabecular structure of the bone is measured in many orientations to determine the magnitude of the three principle vectors (Eigen values), from which DA is calculated. Scan acquisition with a larger voxel size and larger rotation step would limit the extent to which the trabecular network can be visualized and results in an overesti- BV/TV, percent bone volume; Tb. Th., trabecular thickness; Tb. N., trabecular number; Tb. Sp., trabecular separation; Conn. D., connectivity density; DA, degree of anisotropy; Tt. Ar., cross-sectional area inside the periosteal envelope; Ct. Ar., cortical bone area; Ct. Ar./Tt. Ar., cortical area fraction; Ct. Th., cortical thickness; Ps. Pm., periosteum perimeter; Ec. Pm., endocortical perimeter; Ma. Ar., medullary area; and Ecc., eccentricity. The R values for the correlations between trabecular and cortical morphological outcomes from 18 mm ex vivo and 18 mm in vivo scan protocols compared to 9 mm ex vivo scan protocols from all groups, Sham or OVX. Values with an Ã (p < 0.05) or ÃÃ (p < 0.001) are significantly correlated with outcomes obtained using 9 mm ex vivo scan protocols.
COMPARISON OF mCT SCANNING PROTOCOLS mation of the DA, as seen in this study. Limited visualization of the trabecular network at larger voxel sizes also resulted in an underestimation of the Conn. D of the trabecular bone, a measure of the number of redundant connections between trabecular structures per unit volume. A larger Conn. D value implies a greater number of trabecular connections, which has been correlated with greater overall bone strength. 18 Therefore, when comparing absolute values, scanning with greater voxel sizes can result in outcomes that are suggestive of a weaker bone due to a decreased Conn. D compared to scans done with smaller voxel sizes. Similar to the trabecular outcome DA, Ct. Ar., and cortical area fraction are also overestimated with 18 mm compared to 9 mm voxel size scanning. Using 18 mm, there is a smearing effect of the underlying structures (in this case, the edge of the cortical bone) and causes an overestimation of cortical thickness because the boundaries are not as sharp and well defined. Part of this is due to increased instances of partial volume effect, 19 which occurs when a single voxel on the border of a solid structure is made up of part bone and part empty space. Overall, findings from this study report that scanning at different settings will result in different absolute morphological outcomes, but what may be of greater importance are the relative differences observed between scan settings. Most, but not all, cortical and trabecular outcomes were correlated between 9 and 18 mm settings. The significant correlations that were observed between 9 and 18 mm scans suggest minimal relative changes between scan settings and support the use of 18 mm voxel size scanning either in vivo or ex vivo when assessing relative changes at the proximal tibia between groups within a study. Depending on whether relationships were assessed between all 9 and 18 mm scans, or within Sham and OVX groups independently, the correlations were similar. Taken together, this suggests that most bone morphological outcomes calculated from 9 to 18 mm voxel size scans are correlated regardless of whether they are used to assess groups with a high (Sham) or a low (OVX) bone mass.
The effect of OVX is robust, and as would be expected, caused significant and sustained differences in BV/TV, Tb. N., Tb. Sp., Conn. D, Ct. Ar., Ct. Ar./Tt. Ar., Ct. Th., and Ec. Pm. compared to Sham rats when assessed by all three scanning protocols at 6 months of age. A difference between OVX and Sham for the outcome Tb. Th. was observed only with 18 mm in vivo scanning, suggesting that these different scan protocols alter the ability to differentiate between the absolute values of this trabecular outcome between Sham and OVX rats, only. Therefore, the use of different scanning protocols does not alter the ability to detect expected differences between Sham and OVX groups, suggesting that any unexpected differences observed are due to an intervention applied and not to the scanning protocols used.
While the benefits to in vivo mCT scanning are extensive, including the ability to follow a single subject longitudinally, there are also limits to this method. In vivo scanning requires the subject to be anesthetized for the duration of the scanning protocol which can become costly and depending on the frequency of the anesthesia, may affect the welfare of the animal. Very high-resolution in vivo imaging is also not the most optimal option when repeatedly scanning animals due to the extensive scan time and dose of ionizing radiation to the animal that is associated with these techniques. In this study, 9 mm voxel size scans of the tibia required 44 min and created a 42GB file, compared to a scan time of 12 min and a file size of 7GB at a voxel size of 18 mm. Although ex vivo scanning of isolated bones can only be analyzed at one time point, this method allows for less time-sensitive scanning protocols and for the use of smaller voxel sizes and rotation steps in order the acquire the highest quality image.
A specific limitation of this study was the timing between in vivo and ex vivo scanning. Rats were sacrificed within 1-week following the in vivo scan, which may have allowed for a short period of remodeling and minor changes to bone structure. Although, an effect of growth cannot be fully discounted, only minor changes to the microarchitecture of the proximal tibia have been observed between 25 and 30 weeks post-OVX. 10 A limitation of ex vivo scanning however, involves the inability to accurately and consistently measure bone mineral density. After storage of isolated bones in saline-soaked gauze, large air-bubbles can be seen in the marrow space of the bone. These air-bubbles affect the calculation of Hounsfield units and ultimately, the determination of volumetric bone mineral density. Finally, a true test of the effect of voxel size could not be conducted because 9 mm settings used a smaller rotation step. Reducing the rotation step improves the sharpness of the image and reduces noise, but all settings were chosen to provide a high quality image that can be used in future experimental settings.
In conclusion, the scan settings tested had no effect on the ability to observe expected differences between Sham and OVX groups highlighting the robust effect the loss of endogenous estrogen has on bone microarchitecture. In vivo scanning at 18 mm voxel size in Sham or OVX rats at 6 months of age provides similar values to those obtained by ex vivo scanning at the same voxel size and most of these values are correlated with the values obtained using 9 mm ex vivo scan settings. Together, these findings suggest no relative differences between findings from scan settings. However, scans performed using 18 mm voxels, either in vivo or ex vivo, may overestimate or underestimate some morphological measurements at the proximal tibia compared to scans of 9 mm voxels.
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